Summary Background This phase Ib study was designed to determine the maximum tolerated doses (MTD) and dose limiting toxicities (DLTs) of irinotecan and cetuximab with sorafenib. Secondary objectives included characterizing the pharmacokinetics and pharmacodynamics and evaluating preliminary antitumor activity in patients with advanced colorectal cancer (CRC). Methods Patients with metastatic, pretreated CRC were treated at five dose levels. Results Eighteen patients were recruited with median age 56.5 years. In the first five patients treated, 2 irinotecan related DLTs were observed. With reduced dose intensity irinotecan, there were no further DLTs. The most common toxicities were diarrhea, nausea/vomiting, fatigue, anorexia and rash. DLTs included neutropenia and thrombocytopenia. Two patients had partial responses (one with a KRAS mutation) and 8 had stable disease (8-36 weeks). The median progression free survival (PFS) and overall survival (OS) were 2.5 and 4.7 months respectively. Pharmacokinetic analyses suggest sorafenib and metabolite exposure correlate with OS and DLTs. Conclusions The recommended phase II dose (RP2D) is irinotecan 100 mg/m 2 i.v. days 1, 8; cetuximab 400 mg/m 2 i.v. days 1 and 250 mg/m 2 i.v. weekly; and sorafenib 400 mg orally twice daily in advanced, pretreated CRC. The combination resulted in a modest response rate.
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Introduction
Colorectal cancer (CRC) carcinogenesis and progression are characterized by aberrant activation and interaction of multiple pathways including the mitogen activated protein kinase (MAPK) and vascular endothelial growth factor (VEGF) pathways [1] [2] [3] . Cetuximab, a chimeric mousehuman monoclonal antibody directed against the epidermal growth factor receptor (EGFR), has been shown to improve outcomes in patients with KRAS wild type (wt) tumors with or without chemotherapeutic agents such as irinotecan, including those previously refractory to the latter agent [4] [5] [6] [7] . However, activating mutations in the KRAS gene coding for a GTPase immediately downstream to EGFR in the MAPK pathway, seen in 30-40 % of all CRC patients is a negative predictive factor for therapy with EGFR monoclonal antibodies with near 100 % predictive value [8] [9] [10] [11] [12] . Furthermore, attempts at improving outcomes by combining bevacizumab, a monoclonal antibody against VEGF with cetuximab containing regimens have been unsuccessful [13, 14] .
Sorafenib, a multi-tyrosine kinase inhibitor, is a potent inhibitor of kinases downstream of Ras in the MAPK pathway such as C-Raf and B-Raf. In addition, it also inhibits multiple other kinases important in carcinogenesis, including VEGF receptor (VEGFR)-2, VEGFR-3 and plateletderived growth factor (PDGF) receptor beta [15] . Sorafenib has been shown to have activity in preclinical models of colorectal cancer [15, 16] and preclinical data shows that it has synergistic activity with cetuximab; emerging clinical evidence suggests promising clinical activity of sorafenib when combined with irinotecan in CRC, including those with KRAS mutated tumors [17, 18] .
The main objectives of this study were to determine the maximum tolerated dose (MTD) and describe the toxicity spectrum of sorafenib in combination with cetuximab and irinotecan in patients with advanced colorectal cancer. Other objectives were to characterize pharmacokinetics of this combination, to determine the pharmacodynamic effects of the combination in skin and tumor biopsies, and to define preliminary antitumor activity.
Patients and methods

Eligibility criteria
Eligible patients had histologically confirmed advanced or metastatic CRC with progression after at least first line therapy, evaluable or measurable disease by RECIST (Response Evaluation Criteria in Solid Tumors) [19] and Eastern Cooperative Oncology Group (ECOG) performance status of 0-2. Patients also had to be 18 years or older with adequate hematopoietic, hepatic and kidney function. Exclusion criteria included: treatment with radiotherapy or chemotherapy within 4 weeks of study entry; prior therapy with targeted agents against the MAPK pathway; known central nervous system metastases; HIV positive patients on antiretroviral therapy; any medical condition that would impair administration of an oral medication; and clinically significant bleeding diathesis.
The protocol (ClinicalTrials.gov Identifier: NCT00134069) was approved by the institutional review boards of participating institutions, and written informed consent was obtained for all patients prior to performing study-related procedures in accordance with federal and institutional guidelines.
Drug administration and dose-escalation procedures
Cetuximab and irinotecan are FDA approved for metastatic CRC and are commercially available while sorafenib was provided by the Cancer Therapy Evaluation Program (CTEP). Initially, patients were treated with oral sorafenib in escalating doses up to a maximum of 400 mg po bid, cetuximab 250 mg/m 2 intravenously (i.v.) weekly over 60 min (following a loading dose of 400 mg/m 2 on day 1 of week 1 over 120 min) and irinotecan 120 mg/m 2 i.v. over 90 min on days 1, 8, 15, 22 of a 42 day cycle based on prior studies (Fig. 1 ). After the first 5 patients, the study was amended to a 3-week cycle with irinotecan 100 mg/m 2 i.v. over 90 min days 1 and 8 without changing the other agents. In both portions of the study, there was a lead-in with cetuximab and sorafenib for 2 weeks in cycle 1 (Fig. 1) .
The combination was explored in successive cohorts of 3-6 patients each with a standard 3+3 design. Intrapatient dose escalation was not permitted. DLTs were determined during the first cycle of each dose level and were defined as any treatment-related ≥ grade 3 nonhematological toxicity, ≥ grade 4 hematological toxicity, or persistent nausea, vomiting and diarrhea in spite of adequate supportive care.
Accrual was held twice during the study: after the first five patients to amend to a reduced dose of irinotecan, and then as a mandatory hold from CTEP in 2008 due to emerging KRAS data with anti-EGFR antibodies.
Clinical evaluation and safety assessment
Patients underwent history and physical examination, performance status assessment and vital signs, complete blood count (CBC), chemistries, coagulation parameters, urinalysis, tumor markers, and EKG at baseline. Serum pregnancy test and baseline tumor measurements (within 4 weeks of initiation of therapy) were also obtained. On study, patients underwent weekly evaluations. Adverse events were classified/graded weekly according to the Common Terminology Criteria of Adverse Events, version 3.0. Response was assessed after the first cycle (including the 2-week lead-in period) and every 2 cycles thereafter.
Pharmacokinetic and pharmacodynamic studies Sorafenib pharmacokinetics were evaluated during cycle 1 when administered in combination with cetuximab or in combination with cetuximab and irinotecan ( Fig. 1) . Total sorafenib and sorafenib N-oxide concentrations in plasma were quantitated using a validated analytical assay consisting of a high-performance liquid chromatographic with tandem mass spectrometric detection [20, 21] . The sorafenib fraction unbound (F u ) in patient plasma was determined using equilibrium dialysis [22] . The unbound sorafenib concentration was calculated as F u x total sorafenib concentration. Unbound sorafenib N-oxide was not determined. Irinotecan pharmacokinetics were evaluated during cycle 1 in combination with sorafenib (day 15). Plasma samples were analyzed for irinotecan and its metabolites using a modified HPLC technique with fluorescence detection as previously described [23] . Pharmacokinetic variables were calculated by standard noncompartmental methods using WinNonlin professional (version 5.3) as previously described for sorafenib [24] and irinotecan [23] .
Pharmacodynamic (PD) analysis was performed on optional, paired radiologic guided fine needle aspiration core tumor and/or skin punch biopsies. Full methods are included in supplementary materials.
Statistical analysis
Patients who were compliant and with complete pharmacokinetic sampling were considered evaluable for pharmacokinetic analysis and were included in descriptive statistics. After testing for normality in parameter value distribution, univariate linear-regression analysis was used to assess the relation between age, body-size indices, human α 1 -acid glycoprotein, albumin, or total bilirubin and sorafenib exposure. Pearson's correlation coefficient or Mann-Whitney U-tests were used to assess correlations between exposure (C max , C min,ss , or AUC) and toxicity and exploratory PD end points. These tests were performed using JMP Statistical Discovery software (version 7.0.1; SAS Institute, Cary, NC, USA). All P-values were twosided, not adjusted for multiple comparisons, and were considered significant at a P>0.05.
Results
Patient demographics and treatment
Eighteen patients with previously treated metastatic colorectal cancer (16 colon cancer: 2 rectal cancer) were enrolled from August 2006 to September 2010 (Tables 1 and 2) . Of the 18 patients, 12 were men and 6 were women with a median age of 56.5 years (range 38-75 years). All patients received a median of 2.5 (range 1-6) prior systemic chemotherapy regimens. Of these, 12 patients had received prior irinotecan while 14 had received bevacizumab. KRAS status was unknown in the first 6 patients enrolled, prior to the establishment of predictive significance of this marker; in the remaining 12 patients, 6 had KRAS WT and another 6 had KRAS-mutated tumors per testing done on fresh or archival tumor tissue evaluated for mutations in codons 12 and 13 of exon 2 of this gene. A total of 60 cycles were administered and the median number of cycles per patient was 3 (range, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Reasons for study discontinuation were progressive disease in 78 % (14 patients), DLT with progression while recovering from toxicity in 5 % (1) and withdrawal of consent in 17 % (3). All three patients who withdrew consent had stable disease and two patients had fatigue and the third requested a treatment break citing cumulative toxicities.
Dose escalation and determination of recommended phase II dose
Five patients were treated per the original protocol dosing schedule ( severe grade 3 fatigue after 6 weeks and was hospitalized and eventually had progression of disease prior to recovery from the fatigue (Table 3 ). In addition, another patient on that dose level experienced a drug-related DLT of febrile neutropenia after 8 weeks of treatment. Since he was the second DLT out of 3 subjects, dose level −1 was explored. Another patient started treatment at dose level 1 prior to the second DLT occurrence and developed grade 3 diarrhea during cycle 2 requiring treatment with multiple anti-diarrheal agents and dose reductions. Thus, three of four subjects experienced grade ≥3 toxicities including 2 DLTs at dose level 1, all of which were likely related to the standard drug irinotecan since the diarrhea occurred only after irinotecan was started. Therefore, the protocol was amended to reduce irinotecan dose intensity, and additional dose levels with escalating doses of sorafenib (up to 400 mg bid) were examined without any further DLTs (Table 2) . Further dose escalation beyond this level was halted as pre-specified in the protocol and irinotecan 100 mg/m 2 i.v. days 1, 8, cetuximab 400 mg/m 2 i.v. day 1 followed by 250 mg/m 2 weekly and sorafenib 400 mg po bid was deemed RP2D. At this dose, an expanded cohort of patients (n07) was treated to further characterize its toxicities.
Safety
The most common treatment related toxicities across all cohorts were diarrhea in 78 % (14 patients), rash in 72 % (13 patients), nausea/vomiting in 56 % (10 patients) and anorexia in 50 % 9 patients; Table 3 ). All grade 3 or 4 toxicities included diarrhea (3), hypokalemia (3), fatigue (2), fever (2), hypomagnesemia (2), hypophosphatemia (2), neutropenia (2), anemia (1), nausea/ vomiting (1), small bowel obstruction (1), small bowel fistula (1), dehydration (1), elevated liver function tests (1), hyponatremia (1) and tetany (1). Grade 4 toxicities included febrile neutropenia (1) and small bowel fistula (1). Overall, a total of seven grade 3 or greater toxicities over 10 cycles were observed in the 5 patients treated (including 2 DLTs) at the higher dose of irinotecan as compared to 13 grade ≥ 3 toxicities over 50 cycles in 13 patients treated at a reduced dose after protocol amendment. Of these 13 grade ≥ 3 toxicities, six were electrolyte abnormalities including hypophosphatemia and hypokalemia (2 each), hyponatremia and hypomagnesemia (1 each). One patient with hypomagnesemia and Table 3 All treatment-related toxicities with ≥ 15 % incidence according to cohort
1A (3) 2 (3) 3 (7) Total AEs across all cycles AEs in cycle 1 Grades G1/2* G3/4* G1/2* G3/4* G1/2* G3/4* G1/2* G3/4* G1/2* G3/4* All grade (%) (17) 1 (6) 3 (17) 1 ( Toxicities with possible, probable or definite relation to study treatment and graded per NCI CTCAE version 3 Patients with a recurrent AE counted only once at higher grade for final AE analysis but lower grade cycle 1 AE also denoted above # DLTs ALT alanine amino-transferase; AST aspartate amino-transferase (7) 0.32±0. 2 Accumulation factor was calculated from the ratio of C min,ss /C min, first dose 3 One patient had undetectable sorafenib N-oxide concentrations AUC 0-8h area under the plasma concentration-time curve to 8 h; AUC last AUC until the last detectable concentration; C max peak plasma concentration; C ss,min minimal plasma concentration at steady state (average of > day 8 C min ); N.A not applicable; T max time to peak concentration hypocalcemia developed symptomatic grade 3 tetany. Twenty-two percent of patients (4 patients) had neutropenia, half being ≥ grade 3, and were all prior to amending the protocol to reduce the dose of irinotecan. No further episodes of neutropenia were observed in the cohorts treated with lower dose of irinotecan. At dose level 1A, multiple grade ≥ 3 toxicities including diarrhea (1), nausea/vomiting (1), intestinal fistula and bowel obstruction were noted. In subsequent cohorts, there was a higher incidence of grade 1-2 nausea/vomiting and diarrhea along with one patient who had grade 3 diarrhea. A total of 13 patients developed rash with increased frequency in later cohorts that were dosed at a higher initial doses of sorafenib but this did not correlate with overall drug exposure.
Pharmacokinetic and pharmacodynamic studies
All patients were evaluable for pharmacokinetic analysis of both sorafenib and irinotecan (Table 4) . Consistent with previous reports, total sorafenib exhibited large variability with a plasma concentration-time profile exhibiting slow absorption and long elimination on both days 1 and 15 [25] . The rate of conversion of sorafenib to the N-oxide metabolite was variable ranging from 0 to 29 % and was more variable than previously reported [24, 26, 27] . Sorafenib was extensively bound to plasma proteins with an unbound fraction (%) ranging from 0.27 to 0.67 %, which was more variable than previously reported [24] . There was no difference in dose-normalized exposure (C max , AUC 0-8 ) when sorafenib was administered across dose levels and the accumulation noted on day 15 is consistent with previous reports. There was no alteration in sorafenib N-oxide conversion (p00.13) or unbound fraction (p00.83). Age, body-size indices, gender, and pre-treatment AAG, HSA, or total bilirubin concentrations did not correlate with total or unbound sorafenib exposure (p>0.05; data not shown). Irinotecan and metabolite exposure was highly variable and consistent with previously reported literature [28] . Correlations were observed with the irinotecan metabolites and side effects including more severe fatigue being correlated with higher SN-38 exposure (AUC last , p00.03) and increased nausea/vomiting being correlated with higher APC exposure (C max , p00.03;AUC last , p00.04; AUC last ratio, p00.03). The 2 patients who experience DLTs did have higher maximum irinotecan exposure (C max , p00.05) and higher total sorafenib and sum of total sorafenib and sorafenib N-oxide Day 1 exposure (AUC 0-8h , p00.04 for both AUC 0-8h ) compared to patients who did not experience a DLT.
Pharmacodynamic analysis was performed only in a limited number of samples due to technical and size limitations. Results from pharmacodynamic studies are detailed in Supplementary Materials.
Antitumor activity All 18 patients in this trial were included for efficacy analysis (Fig. 2 ). Two patients at dose level 2 had partial responses (PR) one of which was KRAS WT and another was KRAS mutation positive. However, the patient with the KRAS WT tumor was previously untreated with either an irinotecan or an EGFR-targeting monoclonal antibody and also had a cavitary lesion that rendered accurate tumor measurements difficult; this patient was on study for 14 cycles and had a confirmed PR. The patient with the KRAS mutated tumor and a PR was previously treated with two different regimens including one with irinotecan before starting the trial. He was treated for a total of four cycles before coming off the study for PD. Another 8 patients (50 %) had stable disease (SD) ranging from 2 to 12 cycles (median 2.5 cycles). Of these 8 patients, 5 stopped treatment due to PD while 3 patients came off study per their preference. One KRAS mutated patient had prolonged stable disease for 12 cycles before he chose to come off study due to fatigue and a desire to take a prolonged break from chemotherapy. The median overall survival (OS) rate was 4.7 months ranging from 3.1 months to NR (not reached; 3 patients are still alive). Overall survival did correlate with day 1 exposure (AUC 0-8h ) for total sorafenib (p00.05) and the sum of total sorafenib and sorafenib N-oxide (p 00.04) but not for sorafenib N-oxide alone (p00.07) or unbound sorafenib (p00.06).
Discussion
The objectives of this phase Ib trial were to establish the MTD, toxicity profile of cetuximab and irinotecan in combination with sorafenib and to define the pharmacokinetic and pharmacodynamic parameters of this regimen. weekly; and sorafenib 400 mg orally bid of a 3 week cycle.
Although there was no difference in exposure to sorafenib between dose levels 2 and 3 (which could be explained by the large variability in sorafenib pharmacokinetics as discussed below), this higher dose of sorafenib is consistent with findings of other sorafenib combination studies in CRC including one with oxaliplatin [29] and two with irinotecan [18, 30] . Data from these studies also suggests increased activity of sorafenib at 400 mg po bid, further supporting the current study's RP2D. However, it should be noted that in both the studies combining sorafenib with irinotecan, dose intensity of irinotecan was higher: 180 mg/m 2 every 2 weeks or 125-140 mg/m 2 days 1, 8, 15 and 22 of a 6 week cycle. The reasons for decreased tolerability to irinotecan in the current study are unclear. One reason may be increased exposure due to a drug interaction from the CYP3A4 or glucuronidation pathways involved in the elimination of both irinotecan and sorafenib. Increased exposure to irinotecan and SN38 was noted at sorafenib doses greater than 400 mg bid that could be related to UGT1A1 inhibition by sorafenib [18] . However, this increased exposure to irinotecan and its metabolite was not associated with increased toxicity [18] . Our study did not reproduce these findings, although this may be related to the fact that the dose intensity of irinotecan was less. Total sorafenib exposure was consistent with previously reported literature. However, there was large variability in active N-oxide metabolite and unbound drug exposure, which could contribute to the intolerance. Indeed, the 2 patients who experienced DLTs did have the highest sorafenib and the sum of total sorafenib and sorafenib N-oxide day 1 exposure in addition to higher irinotecan exposure. Genetic polymorphisms in UGT1A1 were not assessed as a potential contributing factor in toxicity to irinotecan [31] and sorafenib [32] .
In this previously treated patient population, we observed two PRs, a median PFS of 2.4 months, and median overall survival (OS) of 4.7 months. This is the first report to correlate both sorafenib and the sum of total sorafenib and sorafenib N-oxide exposure to a clinical endpoint, in this case OS, though our study did have small numbers and the results were not corrected for multiple correlations. A recently concluded phase II trial of sorafenib in combination with irinotecan in 54 patients with KRAS mutated, irinotecan refractory, metastatic CRC showed a disease control rate of 64.9 % with median progression free survival and overall survival of 3.5 and 7.7 months respectively [30] . Another phase I trial of 34 patients (16 irinotecan refractory) with 23 CRC patients, disease control rate was 60 % during the initial dose escalation phase (20 patients) and 77 % in the CRC expansion cohort (14 patients) [18] . In the current trial, of the 10 patients with either SD or PR, 7 had received prior treatment with irinotecan. The results of these trials suggest a potential role for multi-tyrosine kinase inhibitors such as sorafenib in reversal of irinotecan resistance including those with KRAS mutated tumors.
In spite of such suggestions of activity of sorafenib in CRC, convincing evidence of benefit, especially from randomized trials is lacking. In contrast, results from a planned interim analysis of the randomized, double-blind, placebo controlled, phase III trial evaluating regorafenib in metastatic, chemorefractory CRC patients show promising activity for this agent with significant improvement in OS [33] . Regorafenib is a novel, multi-tyrosine kinase inhibitor that differs from sorafenib only by a single fluorine atom which is thought to confer additional anti-angiogenic activity over the latter [34] . Thus, regorafenib may well replace sorafenib as the oral multityrosine kinase inhibitor of choice in future CRC trials.
In summary, the dose of irinotecan in this phase Ib trial of sorafenib, cetuximab and irinotecan was lower than in other combination trials due to unclear reasons. Severe irinotecan related toxicity necessitated a protocol amendment for dose reduction. There was suggestion of clinical efficacy but our trial did not outperform other reported studies of irinotecan and sorafenib, and further advancement of this combination is not planned.
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